Abstract In this work, 12 different yeast strains were evaluated to gauge their ability to accumulate lipids using raw glycerol as the main carbon source. Lipomyces lipofer NRRL Y-1155 stood out above the other strains, achieving 9.48 g/l biomass, 57.64 % lipid content and 5.46 g/l lipid production. The fatty acid profile was similar to vegetable oils commonly used in the synthesis of biodiesel, with the predominance of polyunsaturated acids, especially linoleic acid, reaching 68.3 % for Rhodotorula glutinis NRRL YB-252. The occurrence of palmitic acid (39.3 % for Lipomyces starkeyi NRRL Y-11557) was also notable. Thus, yeast biomass with high lipid content can be a sustainable and renewable alternative as a raw material for the biodiesel industry.
Introduction
The expected decline in petroleum reserves, together with the growing concern over climate change resulting from global warming due to carbon dioxide emissions, has encouraged initiatives aimed at replacing fossil fuels [1] . In this context, biodiesel production has been encouraged because it is a renewable, biodegradable and nontoxic fuel obtained by the transesterification of an oil or fat with a monovalent alcohol, forming methyl or ethyl esters of fatty acids (biodiesel) and raw glycerol [2] .
However, a major problem facing this sector is related to the increase in oilseed growing areas to meet the growing market demand, increasing competition for arable land between biofuel production and food. The cost of raw materials is also a limiting factor for the use of biodiesel on a large scale, since the use of vegetable oils, such as soybean, castor, palm, sunflower, babassu and peanut oil, is predominant [3, 4] . An alternative that has been proposed is the use of new lipid sources, which has highlighted the oleaginous yeast biomass obtained in cultivations using renewable substrates, such as agroindustrial waste, with oleaginous yeasts being considered capable of accumulating lipids at levels of more than 20 %. Therefore, studies have been proposed regarding the use of this biomass as a feedstock in the production of biodiesel [5] [6] [7] .
As over 70 % of the production costs of biodiesel are due to the cost of the raw materials used, as well as the large amounts of raw glycerol generated in the process (stoichiometrically 10 %) and its low cost [8] , it has become urgent to find alternative ways of converting this substrate into value-added products in order to produce biodiesel in a sustainable way with the simultaneous recycling of raw glycerol [9] .
Lipids obtained from microbial sources, also called single cell oil, are produced by certain microorganisms such as yeasts, filamentous fungi, bacteria and microalgae. Generally, yeast and filamentous fungi are capable of accumulating more lipids than bacteria and microalgae, accumulating them not only as constituents of the membrane, but also in the form of triacylglycerols. The best known species of oleaginous yeast include Candida, Cryptococcus, Rhodotorula, Trichosporon and Yarrowia [10] . It has been shown that this microbial lipid source is rich in triglycerides, which can be converted into biodiesel by enzymatic or inorganic catalysis. Lipid production by oleaginous yeasts was also found to have many advantages due to its rapid growth, decreased susceptibility to changes of season, location and climate, ease of scale-up, high oil content and the similarity of their triacylglycerols with those obtained from vegetable oils and animal fats [7] .
Raw glycerol from the biodiesel synthesis is 55-90 % pure. The remainder consists of unconverted triglycerides, unconverted methanol or ethanol, biodiesel, soaps and others [11] . The conversion of glycerol by the biotechnological process in commercially important products is one of the most promising alternatives for use [12, 13] , and can be used with success as a carbon source by different microorganisms in the production of lipids [14] .
Thus, the main goal of this work was to evaluate various yeasts capable of assimilating raw glycerol generated as a byproduct in the synthesis of biodiesel to produce biomass as a source of lipids, with potential for use as feedstock in biodiesel production. They were incubated at 25°C for 48 h and subsequently transferred to YM agar and incubated under the same conditions, after being kept stored under refrigeration (4°C).
Materials and Methods

Microorganisms
Raw Glycerol
Raw glycerol derived from biodiesel production from degummed soybean oil via the methanolic route was used, provided by BS Bios (Passo Fundo, Brazil). The raw glycerol contained (%): 6.51 ash, 9.78 moisture, 1.22 nonglyceridic organic matter, 82.49 glycerol, pH 4.91.
Pre-selection of Oleaginous Yeasts
The pre-selection of yeasts with the greatest potential to assimilate glycerol and accumulate lipids was performed using the staining technique with Sudan Black B [15] 
Inoculum Preparation
Two tubes of the reactivated microbial culture were scraped with 10 ml of 0.1 % peptone diluent to each tube for removal of the microorganism cells and transferred to Erlenmeyer flasks containing 180 ml of culture medium (YM broth) and incubated at 30°C and 180 rpm (Tecnal TE-424, Brazil). The cell concentration was monitored by counting in a Neubauer chamber until there were approximately 10 8 cells/ml [17] .
Shaken Flasks Cultivation
The yeasts selected as potential lipid producers were cultivated in a medium containing raw glycerol as the carbon source. The cultivations were performed in 500 ml Erlenmeyer flasks with an initial volume of 200 ml, resulting from the addition of the medium, yeast suspension (inoculum) and sterile distilled water. The culture medium was prepared in concentrated form to attain the following composition (g/l): 60.9 raw glycerol, 7.0 KH 2 PO 4 , 2.0 Na 2 HPO 4 , 1. [16] . The amount of raw glycerol added considered its composition in order to result an in initial glycerol concentration of 50 g/l. The flasks were inoculated with the yeast suspension previously prepared in order to achieve 10 7 cells/ ml and maintained in a rotary shaker at 30°C and 180 rpm.
Aliquots were taken at regular intervals, centrifuged at 18009g for 15 min (Centribio 80-2B, Brazil) and the cells were washed with distilled water, centrifuged again and resuspended in order to determine biomass concentration. The cultivations were conducted until the stationary phase, when no significant variation was observed in the biomass concentration. At the end of the cultivation process, the biomass was recovered under the same conditions to determine the lipid content and fatty acid profile. The glycerol not consumed in the supernatant was determined. Total lipid production was calculated by multiplying biomass concentration by lipid content (dry basis) [18] . Lipid yield was calculated by the ratio of lipids produced and the consumed substrate (glycerol) [11] .
Analytical Methods
Cell concentration was monitored by optical density in a spectrophotometer (Bioespectro SP 220, China) at 600 nm using a previously established standard curve for each microorganism and subsequent conversion to biomass concentration [19] .
The determination of glycerol in the supernatant was performed using an enzymatic kit (LOD 0.4 mg/l, R-Biopharm, Germany), comprising the enzymes glycerol kinase, pyruvate kinase and L-lactate dehydrogenase, following the manufacturer's recommendations. The absorbance reading was performed at 340 nm using a spectrophotometer (Bioespectro SP 220, China).
Intracellular lipids were determined using the method of Bligh and Dyer [20] . First, the dried biomass was treated with 2 M HCl for disruption of the cell wall and centrifuged at 17859g, and the supernatant was discarded. The pellet was mixed with methanol and chloroform, following by centrifugation at 17859g for 10 min. The procedure was repeated until total extraction of lipids. The chloroform phase was separated and the solvent was evaporated. Lipids were quantified by gravimetry.
To determine the fatty acid profile, the lipid fraction was esterified to obtain fatty acids methyl esters [21] and analyzed with a gas chromatograph (Varian Star 3400, USA) equipped with a split/splitless injector, a ZBWAX column (30 m 9 0.32 mm internal diameter) and a flame ionization detector. The carrier gas was hydrogen at a flow rate of 1 ml/min, and make-up gas was nitrogen at 30 ml/min. The temperatures of the injector and detector were adjusted to 250 and 300°C, and the injected volume was 1 ll. The fatty acids were identified by comparison with SigmaAldrich standards and quantified by area normalization.
Statistical Analysis
The experiments were performed in triplicate. The data were analyzed by analysis of variance and the Tukey test to verify the significant differences between the microorganisms under study, at a 95 % confidence level (p B 0.05), using Statistica 5.0 software (Stat Soft Inc., USA).
Results and Discussion
Pre-selection of Oleaginous Yeasts
Of the 11 yeasts analyzed by the Sudan Black B staining technique, seven showed a bluish tint and were considered potential producers of lipids and characterized according to the intensity of the color (Table 1) . Duarte et al. [22] isolated yeasts from different Brazilian ecosystems using a staining technique similar to that used in this study, enabling the selection of five yeasts with potential for lipid production. Although this technique does not allow a precise response to the cellular lipid content, as it is a qualitative analysis, it does provide partial information regarding the ability of the microorganisms to accumulate lipids, selecting the most promising ones. The red yeast R. glutinis NRRL YB-252 was not analyzed by this method, since, according to Evans et al. [15] , there might be a divergence in results due to a structural difference in these yeasts that hinders the entry of the pigment into the cell.
Shaken Flasks Cultivation
The four yeasts that showed an intense or average blue color and the red yeast were pre-selected in order to cultivate in a liquid medium containing raw glycerol as the carbon source. Figure 1 By observing the biomass concentration obtained for the different yeasts (Table 2 ), it appears that C. cylindracea NRRL Y-17506, R. glutinis NRRL YB-252 and L. lipofer NRRL Y-11555 did not differ from one another, reaching 9.92, 9.80 and 9.48 g/l, respectively. The best results regarding this growth parameter were obtained with these yeasts. Therefore, raw glycerol was shown to be a good carbon source for the cultivation of these yeasts, even in the presence of impurities, such as soaps, glycerides, fats, [11] , some of these impurities could act as nutritional elements that can be assimilated by microorganisms during the cultivation, increasing biomass concentration and lipid accumulation. Saenge et al. [14] reported the positive influence of inorganic salts such as sodium, calcium, potassium and magnesium in the production of lipids. In addition to these macroelements, there may also be vitamins and trace elements that diffuse into the glycerol during the reaction of the formation of biodiesel, enriching the raw glycerol [23] .
It was verified that all yeasts assimilated glycerol as a carbon source. Glycerol remaining in the medium at the end of cultivation varied from 2.9 (L. lipofer NRRL Y-11555) to 40.2 g/l (C. curvatus NRRL Y-1511) ( Table 2 ), corresponding to a glycerol consumption of 94.2 and 19.6 %, respectively. The carbon excess positively affects lipid production, but high glycerol can inhibit [24] . Duarte et al. [22] found glycerol consumption between 31.23 and 64.31 % when used raw glycerol (initial concentration of 40 g/l) for lipid production by wild yeasts isolated from Brazilian biodiversity. Raimondi et al. [24] found glycerol consumption between 12 and 100 % for different yeasts cultivated in a medium containing 40 g/l pure glycerol.
For the maximum specific growth rate, C. curvatus NRRL Y-1511 and C. cylindracea NRRL Y-17506 showed the highest values (0.14 and 0.11 h The lipid contents of the yeasts are shown in Table 2 . The data show significant differences in lipid accumulation from one yeast to another, highlighting L. lipofer NRRL Y-11555 with 57.64 % and L. starkeyi NRRL Y-11557 with 50.49 %. These values are similar to that found by Duarte et al. [22] for Candida LEB-M3 (56.5 %). In addition, L. lipofer NRRL Y-11555 had the highest lipid yield, 5.49 g/l, because in addition to the highest lipid content among the yeasts in question it resulted in a high biomass concentration, despite the longer cultivation time (264 h) as shown by their slow growth (0.03 h -1 ). Lipids were determined just in the stationary phase. According to Beopoulos et al. [25] , the accumulation of lipids in the cell starts to rise in the growth phase (log phase), because these lipids are used in the cell membrane synthesis to support its growth. When the cell reaches its ideal size, starts to accumulate lipids as droplets within the cell. So, lipid content reaches its maximum value in the stationary phase. Once the amount of nutrients in the medium begins to decrease, lipids are rapidly degraded into free fatty acids, so removal of cells in early stationary phase is necessary to prevent lipid degradation.
Regarding the lipid yield, Table 2 shows that R. glutinis NRRL YB-252 had significant differences in relation to other yeasts (Y L/S = 0.19 g/g), and the values obtained from the yeasts under study were similar to those reported by Xu et al. [11] for Rhodosporidium toruloides (approximately 0.14 and 0.15 g/g for pure and raw glycerol, respectively).
It is important to note that the lipid accumulation process requires the exhaustion of a nutrient, usually nitrogen, to allow the excess of carbon to be used in the lipid synthesis [26] . Angerbauer et al. [27] , cultivating L. starkeyi DSM 70295 in a medium based on sewage sludge supplemented with glucose, obtained a lipid content of 68 % with a C/N ratio of 150, and a lipid content of 40 % with a C/N ratio of 60. Saenge et al. [14] , investigating the influence of the C/N ratio in lipid accumulation by R. glutinis TISTR 5159, found that the highest content of lipids was achieved with a C/N ratio of 85 and glycerol concentration of 95 g/l, achieving 5.49 g/l biomass and 41.28 % lipid. In the present study, a high C/N ratio (162) was used, aiming at lipid accumulation. According to Saenge et al. [14] , a low C/N ratio favors biomass production, whereas lipid accumulation is favored by a high C/N ratio. The enzyme AMP deaminase is activated by nitrogen depletion, which promotes the decrease of mitochondrial adenosine monophosphate (AMP) and increases the cellular concentration of ammonia. This decrease of AMP inhibits the enzyme isocitrate dehydrogenase, blocking the citric acid cycle and promoting the accumulation of acetyl-CoA required for the synthesis of fatty acids [10, 14] .
On the other hand, cultivations strategies are important to be considered in order to provide a better performance, mainly avoiding the growth inhibition by the substrate. Candida freyschussii ATCC 18737 cultivated in shaken flasks using pure glycerol as carbon source was capable of producing 3.2 g/l lipids (11.9 g/l biomass and 26.4 % lipids) [24] . In the present work, raw glycerol was used, with lipid production varying from 1.25 (C. curvatus NRRL Y-1511) to 5.46 g/l (L. lipofer NRRL Y-11555) ( Table 2 ). However, for C. freyschussii ATCC 18737, it was possible to increase lipid production in a laboratoryscale bioreactor cultivation (2 l of medium), reaching 
C. curvatus 120 0.14 4.7 g/l (batch mode) and 28 g/l (fed-batch mode), with an increase of biomass and lipid content [24] . So, it is expected that the values obtained in this work can be improved and subsequent studies will follow.
Fatty Acids
According to the literature, palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1), linoleic acid (C18:2) and linolenic acid (C18:3) are the major constituents of the fatty acids of microbial triacylglycerols [28] . Table 3 shows the fatty acid composition of the lipid fraction of yeasts cultivated in raw glycerol-based medium. Several authors have argued that the fatty acid composition of lipids influences the properties of biodiesel and therefore its quality; and some of the most important properties are determined by the chemical structure. Among the most significant parameters are the chain length and degree of unsaturation, capable of predicting the properties of biodiesel [29] . Data demonstrate that the predominant fatty acids are the long chain fatty acids with 16-18 carbon atoms, including palmitic acid, oleic acid, linoleic acid and linolenic acid. Stearic acid was detected only in trace amounts.
Comparing the fatty acid profiles reported in previous studies for R. glutinis [30] , R. mucilaginosa [31] , L. starkeyi [32] and Cryptococcus sp. [33] grown on different carbon sources (dextrose, Jerusalem artichoke tubers, glucose and corncob hydrolysate, respectively), it was observed in the present study that the lipid fraction of the pre-selected and cultivated yeasts in the medium containing raw glycerol as the main carbon source was particularly rich in polyunsaturated fatty acids, especially linoleic acid, which reached 68.3 % in the yeast R. glutinis NRRL YB-252. The compositions (Table 3) differed greatly from those mentioned in the literature, in particular linoleic acid, considered as a nutritionally essential fatty acid x6, achieving approximately 6 % for R. glutinis [30, 34] , 1.2 % for L. starkeyi [32] and 7.2 % for Cryptococcus sp. [33] . According to Fakas et al. [35] , the difference in fatty acid profiles may occur due to the age of the cell, the substrate that is used and the culture conditions.
The considerable presence of unsaturated fatty acids also occurs in marine microalgae. The marine microalgae Dunaliella tertiolecta, identified as a potential raw material for biodiesel production, presented 28.8 % of saturated fatty acids and 73.2 % of unsaturated fatty acids [36] . According to Menezes et al. [4] , marine microalgae are extensively studied for biodiesel production, since lipid content varies from 20 to 50 % (w/w). However, microalgae need larger acreages to cultivation and long cultivation periods than other microorganisms, such as bacteria and yeasts [26] .
Oleaginous yeasts can accumulate intracellular lipids for biodiesel production through cultivation on various carbohydrates and agro-industrial wastes. Glucose [6] and raw glycerol [7] were used to produce microbial oils from different oleaginous yeasts in order to obtain a sustainable raw material for the biodiesel industry. Fatty acid composition was similar to the main vegetable oils used in the biodiesel production, resulting in a biodiesel with the requisite properties.
In this work, the lipids produced by microbial cultivation with an alternative carbon source (raw glycerol generated in the synthesis of biodiesel) were particularly rich in polyunsaturated fatty acids, bearing a resemblance to the composition of vegetable oils commonly used for the synthesis of biodiesel, such as soybean and sunflower oil, mainly containing linoleic acid (53.0 and 63.1 % respectively) [37] . The occurrence of palmitic acid (39.3 % for L. starkeyi NRRL Y-11557) was also notable. Similar results were found by Gong et al. [38] using cellobiose as a substrate (38.3 % of palmitic acid for L. starkeyi AS 2.1560). Palmitic acid is a saturated fatty acid found in large quantities in palm oil (36.7 %) [37] , a vegetable oil widely used in biodiesel production.
According to CONAB (National Supply Company), the 2012/2013 soybean harvest in Brazil saw a production of 81.5 million tons for an area of 27.7 million planted hectares, with a total yield of approximately 3000 kg/ha. Considering 20 % of total soybean weight, 1 ha produces a Some fatty acids were detected in trace amounts and were not included in the table about 600 kg oil per year. Assuming, for example, a microbial lipid production of 5.5 g/l obtained for cultivation of L. lipofer NRRL Y-11555 in raw glycerol, roughly 109 m 3 of the culture medium would be required for the production of oil equivalent to 1 ha, in approximately 11 days. It is important to emphasize that the microbial oil has other advantages over to vegetable oil. A point in question is that its fatty acid composition can be modified depending on the source of nutrients and culture conditions used [30] .
Conclusion
The results of this study show that it was possible to preselect oleaginous yeast using a simple technique such as staining with Sudan Black B. These yeasts can grow and accumulate higher lipid content when grown in a medium containing raw glycerol as the main carbon source. The yeast had similar fatty acids composition to the main vegetable oils used in the synthesis of biodiesel, with a predominance of long chain fatty acids with 16-18 carbons, particularly polyunsaturated fatty acids such as linoleic acid. Thus, the valorization of an agroindustrial waste, such as raw glycerol, through its bioconversion to microbial oil, may be a promising alternative, with the potential to minimize waste, reduce costs, and be used to produce second generation biodiesel.
